Introduction
============

Patients with neurologic disorders who desire fertility face a number of challenges, including hormonal imbalances, ejaculatory dysfunction, and poor semen quality. The aim of this review is to describe the etiology of problems related to fertility in the population of neurologically impaired patients and to facilitate decision making in their management. Available treatment modalities for ejaculatory dysfunction, non-surgical and surgical sperm retrieval, and fertilization methods are discussed. We also describe the physiology and approach to treatment of erectile dysfunction (ED). As traumatic spinal cord injury (SCI) impacts predominantly younger men of whom more than half are less than 35 years old at the time of their injury ([@r1]), fertility in this population has been studied more extensively than in other neurologic conditions, which usually affect an older population. As such, the focus of this chapter is predominantly geared toward the management of infertility of male patients with SCI, although other neurologic conditions including multiple sclerosis (MS) and diabetes are covered as well. This review uses the term SCI to include individuals with spinal cord lesions from traumatic, non-traumatic, congenital, and degenerative lesions of the spinal cord. Several topics related to female fertility in SCI and other neurologic diseases are addressed, however the discussion is limited by a paucity of literature on this subject.

General sexual function
=======================

The overwhelming majority (87%) of patients with SCI engage in some form of sexual relationship post-injury. The likelihood of involvement in a sexual relationship positively correlates with number of years post-injury ([@r2]). Depending on the clinical setting, from 1--37% of SCI patients are interested in sexual function with the ultimate aim of attaining pregnancy ([@r2],[@r3]). An initial infertility work-up of a couple in which a partner is affected by a neurological condition should include an assessment of sexual function ([*Table 1*](#t1){ref-type="table"}). The two standardized tools for sexual function assessment utilized in the SCI population are the International Index of Erectile Function (IIEF) and Female Sexual Function Index (FSFI). The IIEF consists of 15 questions that cover five domains of erectile function: erectile and orgasmic function, sexual desire, intercourse satisfaction, and overall satisfaction. The FSFI assesses six domains including desire, subjective arousal, lubrication, orgasm, sexual satisfaction, and pain ([@r4]). While both the IIEF and the FSFI have yet to be validated in the SCI population, their potential applicability to the clinical realm is informed by their increased utilization in research.

###### Initial fertility assessment of an SCI patient

  History                                     Physical exam                       Laboratory
  ------------------------------------------- ----------------------------------- ---------------------------------------------------------------------------
  Age of injury                               Thigh flexion reflex                Presence and history of infection (UA, urine culture and sensitivity)
  Motor and sensory deficits                  Size and consistency of testicles   Hormonal function (FSH, LH, free and total testosterone, prolactin, SHBG)
  History of autonomic dysreflexia            Epididymides and vasa               Semen analysis (+/− sympathomimetics)
  Level of lesion                             --                                  Post-ejaculate urine analysis for presence of sperm
  Sexual, erectile and ejaculatory function   --                                  --
  Frequency of ejaculation                    --                                  --
  Bladder management                          --                                  --
  Medications                                 --                                  --
  Prior surgical history                      --                                  --

SCI, spinal cord injury; LH, luteinizing hormone; FSH, follicle-stimulating hormone; SHBG, sex hormone binding globulin.

Neural control of erectile function
===================================

There are two neurologic pathways which lead to an erection: (I) reflex via tactile stimulus perception by the parasympathetic fibers of the spinal cord segments S2-4, which results in vasodilation and opening of the arteriovenous shunts in the corpora cavernosa, and (II) psychogenic via sympathetic fibers at T11-L2 and the hypogastric plexus ([@r5]). In general, a complete upper motor neuron (UMN) injury above T11 can result in reflex erections in the absence of psychogenic erections, while men with a lower motor neuron (LMN) injury affecting the sacral pathway are likely to have psychogenic erections and no reflex erections ([@r6]). There is, however, a considerable degree of variability of function, depending on preservation of neurologic function in incomplete injuries. For example, men with incomplete UMN injuries and some preserved neurologic function in the T11-L2 region of the spinal cord may exhibit capacity for both reflex and psychogenic erections ([@r5],[@r7]).

In the immediate aftermath of an injury, spinal shock lasts from a few hours to several weeks, and is characterized by complete suppression of all reflex activity below the level of the cord lesion ([@r5]). After the resolution of spinal shock, three types of erections after SCI are observed: (I) reflex erection resulting from stimulation below the level of the lesion, with engorgement of both the corpora cavernosa and the corpus spongiosum in patients with a complete UMN injury above T11 (lesions below T11 involve engorgement of the corpora cavernosa only, resulting in a partial erection); (II) psychogenic erection triggered by thoughts and non-tactile stimuli, with a partial erection attained through sympathetic outflow from the thoracolumbar regions in SCI patients with lesions below L2; and (III) mixed (reflex and psychogenic) erection, which may occur when the lesion is between L2 and S2 ([@r5],[@r8]).

Treatment of erectile dysfunction (ED)
======================================

The use of phosphodiesterase-5 inhibitors (PDE-5I) is the first line of management for ED in men with SCI. Efficacy, as defined by ability to achieve and maintain an erection sufficient for penetration, as well as satisfaction were found to be equivalent with sildenafil, tadalafil, and vardenafil compared to placebo. Sildenafil is associated with improved function at lower doses than tadalafil or vardenafil, making it the preferred agent for patients who experience adverse side effects at higher doses ([@r9]). Lesions above the level of the sacral spinal have been found to be associated with better therapeutic response to PDE-5I, compared to lesions of the sacral spinal segments ([@r9]). Adverse events occur in about 13% of men taking an PDE-5I and most commonly include headache, flushing, hypotension, nasal congestion and dyspepsia ([@r10]).

In the case of failure of PDE-5I, intracavernosal injections of vasoactive medications such as papaverine and phentolamine may be used. It should be noted that patients with SCI are much more sensitive to intracavernous injections compared to patients with vasculopathic impotence, and thus should be started at an initial lower dosage in order to avoid priapism. Other adverse reactions include difficulties with insertion of needle, dysesthesias, autonomic dysreflexia (AD), seizures, and intracorporeal fibrosis ([@r7],[@r11]).

Prosthetic devices have been used for management of ED; however the rate of complications is considerable. In men with SCI who underwent placement of a semirigid prosthesis, the erosion rates range from 16--33% ([@r12]-[@r14]). Inflatable prosthesis are associated with a lower (8%) rate of erosion, however this is still considerably higher than the 1% erosion rate in the general population ([@r14]).

Neural control of ejaculatory function
======================================

Ejaculation is the result of coordination of the sympathetic, parasympathetic, and somatic nervous systems. It is important to note that this process is independent of whether or not an erection is achieved. Afferent input is received via stimulation of the dorsal penile nerve, triggering the activation of efferent sympathetic fibers from thoracolumbar segments T11-L2. These fibers transmit a signal via the hypogastric nerve plexus that elicits a coordinated contraction of the epididymis, vas deferens, ejaculatory ducts, and seminal vesicles, as well as closure of the bladder neck. Together these events comprise emission, which is the first step of ejaculation. This process ends with deposition of ejaculatory fluids and sperm in the posterior urethra. Expulsion is the second step, involving efferent signaling via the parasympathetic center (S2-S4), and includes: (I) parasympathetic outflow via the pelvic nerve stimulating secretions of the prostate and seminal vesicles; and (II) somatic outflow via the perineal branch of the pudendal nerve resulting in contraction of the bulbocavernosal and ischiocavernosal muscles as well as the relaxation of the external urethral sphincter. This sequence of events results in forceful pulsatile antegrade ejaculation ([@r5],[@r15],[@r16]). During the expulsive phase, a closed bladder neck prevents the reflux of semen into the bladder as the urethral pressure increases. Failure of closure of the bladder neck results in reflux of semen into the bladder, termed retrograde ejaculation. Clinically, this manifests in a low-volume ejaculate, with sperm identified in the post-ejaculatory urine ([@r17]).

Anejaculation, defined as the absence of either antegrade or retrograde ejaculation, is common in patients with SCI. Overall, only 9--15% of men with SCI are able to ejaculate in response to normal stimuli ([@r18]-[@r20]), however there is some variability depending on the level of injury. When subdivided according to level of lesion, 4--11% of men with complete UMN lesions and 32% of men with incomplete UMN lesions retain the ability to ejaculate. In men with complete LMN spinal cord injuries, 18% are reported to ejaculate, while incomplete LMN injuries are associated with a 70% likelihood of ejaculation. A greater likelihood of ejaculation is associated with the capacity for psychogenic erection ([@r7],[@r15],[@r21]).

Management of retrograde ejaculation
====================================

Retrograde ejaculation can occur as a result of SCI, neuropathy due to diabetes or MS, or surgical interventions such as a retroperitoneal lymph node dissection (RPLND). Pharmacologic therapy with an alpha agonist can be used to achieve antegrade ejaculation in patients with peripheral lesions and normal sensation, such as in early stages of diabetic or MS neuropathy and in iatrogenic peripheral nerve lesions such as that observed in nerve sparing RPLND ([@r22]). In these populations, sympathomimetics act by augmenting the insufficient degree of neural stimulation via endogenous pathways. Medications which have been successfully used include imipramine, ephedrine, pseudoephedrine, midodrine, and phenylpropanolamine ([@r17],[@r23]). We typically employ pseudoephedrine 60 mg 4 hours prior to collection and again 1 hour prior to collection. The dose can be titrated as necessary, although tachycardia and associated discomfort are usually the limiting factors.

Retrograde ejaculation refractory to pharmacologic treatment can be managed with sperm retrieval from the bladder. The central aim of this technique is minimization of contact of sperm with urine and the acidic environment of the bladder, both of which can severely damage sperm and decrease their ability to fertilize an oocyte. The original technique proposed by Hotchkiss in 1955 consists of emptying the bladder, washing the bladder with Ringer's Lactate via catheterization, and then instilling a small amount of the same solution into the bladder before removing the catheter. Following ejaculation, the bladder contents were obtained either via voiding or catheterization ([@r24]). This required same-day intrauterine insemination (IUI) or an assisted reproductive technology (ART) lab in close proximity. The modified Hotchkiss technique, which replaced the instilled solution with 40 mL of sterile culture buffered medium for gametes, permits the recovered spermatozoa to be cryopreserved ([@r25]). Additional techniques recommended for preservation of sperm integrity are the use of plastic, rather than silicone catheters, and a non-spermicidal lubricant ([@r26]). The collected specimen can then be used either for vaginal insemination or IUI if the sperm concentration is adequate, or *in-vitro* fertilization with or without intracytoplasmic sperm injection (ICSI). In a series of patients treated with the modified Hotchkiss technique and ART, 60% of couples achieved at least one pregnancy ([@r27]).

Neurostimulation for anejaculation
==================================

For a man with anejaculation who desires fertility, the initial means of sperm retrieval consist of assisted ejaculation. The rates of successfully attaining ejaculation are 97--100%, when utilizing a step-wise approach of vibratory stimulation, followed by electroejaculation (EEJ) ([@r18],[@r28]). Subcutaneous physostigmine was previously the first line treatment of anejaculation, with attainment of antegrade ejaculate in more than 2/3 of SCI subjects ([@r29]). However, due to side effects, including AD, nausea, vomiting, hallucination and dizziness, this technique is no longer employed.

Penile vibratory stimulation (PVS)
----------------------------------

PVS is the current recommended first choice in treatment of anejaculation in spinal cord injured men, as it is non-invasive, simple to use, does not require anesthesia, and can be employed in clinic as well as at home by the patient or his partner. The technique requires neurologically intact dorsal penile nerve as well as an intact T11-S4 spinal cord to attain a coordinated propulsive ejaculation ([@r30]) ([*Figure 1*](#f1){ref-type="fig"}). Afferent penile dorsal nerve (S2-4) stimulation is provided by application of a medical-grade vibrator against the ventral or dorsal surface of the glans penis for periods of 2½--3 minutes or until ejaculation occurs. The approved device which is commercially available for this technique is the FertiCare vibrator (Multicept Frederiksberg, Denmark) ([@r16]). The optimal vibrator parameters associated with the highest rates of antegrade or retrograde ejaculation are an amplitude of excursion of 2.5 mm and a frequency of 100 Hz ([@r31],[@r32]). If no ejaculation occurs, a rest period of 1--2 minutes is recommended before stimulation begins again. In majority (89%) of men in whom PVS is effective, ejaculation occurs in the first 2 minutes of stimulation ([@r33]).
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Overall rates of successful ejaculation using vibroejaculation range from 67% to 88% ([@r3],[@r31],[@r34]). Among men who have a favorable response to PVS, approximately 2/3 achieve antegrade and 1/3 achieve retrograde ejaculation ([@r31]). Lesions above T10 are associated with high rates of success with PVS (81--86%) ([@r18],[@r32]). The higher the level of injury, the more likely the patient is to respond ([@r33]). Another predictor of success is presence of the hip flexion reflex (L2-S1) and the bulbocavernosus reflex ([@r32],[@r35]). Conversely, lesions at and below T10 and the absence of the hip flexion and bulbocavernous reflexes are associated with poor or absent ejaculatory response to PVS in most men with SCI ([@r19],[@r36],[@r37]). PVS has also been noted to fail in most men with injuries of less than 6--18 months duration ([@r15],[@r36]). As cortical inhibition in the clinic setting may inhibit successful ejaculation with PVS, a better success rate may be achieved when the technique is employed in the privacy of a home environment ([@r16]). Another approach that has been associated with an increased treatment response is the simultaneous application of two vibrators to the penis, one on the ventrum and the other on the dorsum ([@r38]).

If semen parameters are adequate, PVS can be used in conjunction with vaginal self-insemination at home, scheduled at the time of ovulation. Intravaginal insemination (IVI) conducted after PVS has been observed to result in a pregnancy rate of 22% per cycle ([@r3]) and an overall pregnancy rate of 22--62% per couple ([@r30],[@r34]).

The initial PVS session must be performed in a monitored setting before utilizing the technique at home because of the risk of inducing AD in patients with injury at T6 and above. The symptoms of AD include hypertension, bradycardia, sweating, and headache and are typically triggered by an irritating stimulus below the level of injury. In extreme instances, the hypertension can be sufficiently severe to result in stroke and event in death. Pharmacologic options for management of AD include nifedpine, nitroglycerin, or prazosin ([@r33]). Nifedipine 20 mg sublingually 15 minutes prior to stimulation onset is the recommended starting dose which may be adjusted based on the blood pressure response observed during PVS ([@r15]). Prazosin appears to reduce the severity of AD, lowering peak systolic blood pressures by about 40 mmHg during PVS in patients with SCI, without affecting resting blood pressure ([@r39]).

As a secondary benefit, scheduled use of PVS over the course of 4 weeks has been associated with decreased bladder spasticity on EMG as well as with an increased bladder capacity at leakpoint pressures ([@r34]). Relative contraindications to PVS are presence of penile prosthesis which could result in hardware erosion and severe irritation of the glans, such as that incurred by patients utilizing a condom catheter ([@r15]).

Electroejaculation (EEJ)
------------------------

For men whose injury is at or below the T10 thoracolumbar sympathetic center and who therefore do not have an intact ejaculatory arc, EEJ can be employed to obtain ejaculate ([@r37]). While EEJ is relatively invasive compared to PVS, its widespread acceptance has been driven by the high rate of success (80--100%) of attaining semen after failure of PVS ([@r3],[@r28],[@r30],[@r36]). Unlike PVS, it is as successful within 6 months of injury as in chronic injury, and may succeed even if the hip flexion reflex is absent ([@r36]). Additionally, the level or completeness of injury do not predict success of EEJ; similar rates of ejaculation are elicited in cervical patients (60%), compared with lumbar patients (50%), and those patients with complete (71%) versus incomplete (61%) lesions ([@r30]).

The recommended protocol was developed by Halstead in 1987 ([@r40]). EEJ is carried out with the patient in a lateral decubitus position, with positioning of the electrical probe in contact with the anterior rectal wall in the area of the prostate and seminal vesicles. The electrical stimulation is administered in a wave-like pattern with voltage progressively increasing in 1--2 V increments until ejaculation occurs, at which time voltage is discontinued. Voltage and current that have been reported to successfully produce ejaculation at a range from 5 to 25 V and 100--600 mA, respectively ([@r20]). Between 15 and 35 stimulations can be required per session. Interrupted, rather than continuous current delivery, with discontinuation of current at the peak of contraction of the external sphincter has been shown to yield a higher antegrade semen volume, total sperm count, and total motile sperm count (TMSC) ([@r41]).

As antegrade ejaculate is not produced in a projectile fashion, but rather as an intermittent dribble of semen, the urethra may need to be milked. Given high prevalence of retrograde ejaculation, the bladder is catheterized to empty urine prior to procedure and a buffering medium is instilled. After the procedure, the bladder is catheterized again to retrieve the retrograde fraction. Rectoscopy is performed prior to and following the procedure to exclude rectal injury. In sensate men, the procedure may cause significant discomfort requiring spinal or general anesthesia. As with PVS, EEJ may produce AD, therefore blood pressure monitoring and premedication (if indicated) should be performed ([@r42]).

Cryopreservation
================

In men with SCI, cryopreservation has been associated with decreased viability, as well as decreased total and progressive motility ([@r1]). In couples of whom one partner is a male with SCI, the pregnancy rate following ICSI utilizing fresh sperm (65%) is significantly higher compared to ICSI utilizing frozen-thawed sperm (25%). Interestingly, this difference in pregnancy rates was not observed between fresh and frozen sperm in couples with a non-SCI male ([@r43]).

Based on these outcomes, it has been recommended that cryopreservation be offered only in specific situations such as when anxiety about future fertility is high or when there is difficulty scheduling semen retrieval with oocyte retrieval ([@r1]). Another indication for cryopreservation would be early semen harvest in the first 1--2 weeks following SCI, given the rapid initial deterioration in semen parameters that occurs several weeks following the traumatic event ([@r33],[@r44]). After the initial deterioration, a plateau in semen quality is observed. As such, routine cryopreservation of semen samples acquired more than several weeks following injury is not indicated ([@r45]).

Semen quality
=============

The principal abnormality observed on semen analyses of men with SCI has been low sperm motility. Multiple studies of men with SCI utilizing unassisted and assisted ejaculation techniques have demonstrated low motility in the setting of normal to high sperm counts ([@r1],[@r28],[@r30],[@r32],[@r35],[@r46]-[@r48]). Other semen parameter abnormalities have also been observed. For example, compared to non-SCI men undergoing routine semen analysis, the SCI group demonstrated lower ejaculate volume, decreased percentage of normal sperm morphology, and an increase in the round cell and neutrophils counts ([@r49]). Other studies found ejaculates from men with SCI often have normal sperm counts but more immotile sperm ([@r50]) and lower sperm viability compared to men without SCI ([@r1]). In SCI patients with asthenospermia, the majority of sperm showed degenerative changes and significant axonemal defects ([@r51]). Necrospermia and DNA fragmentation has also been found in semen of men with SCI at significantly higher rates than in that of men without SCI ([@r52],[@r53]).

There is ample evidence to suggest that semen quality of men with SCI differs based on the technique employed to achieve ejaculation; semen attained by masturbation is superior to that which is attained by PVS, which is in turn superior to that attained by EEJ. In a study of 444 SCI subjects, sperm motility was higher in the masturbation group (37%) than the PVS group (26%) or EEJ group (15%), but lower compared with a control masturbation group of 61 non-SCI healthy men (58%). The SCI-masturbation group had similar antegrade sperm concentration (83.3×10^6^/mL) as the PVS group (77.4×10^6^/mL) and control group (82.0×10^6^/mL), but higher than the EEJ group (49.8×10^6^/mL) ([@r54]). In men with SCI utilizing EEJ, higher percentages of small sperm heads, vacuolated sperm heads, and sperm with tail defects were found than in manual ejaculates of able-bodied men ([@r55]).

Multiple studies comparing semen quality attained by PVS versus EEJ demonstrate comparatively superior motility, viability, and rapid linear acceleration of sperm retrieved utilizing PVS ([@r37],[@r56],[@r57]). In a crossover study, using both PVS and EEJ to obtain ejaculate from 11 males with SCI, antegrade PVS-induced ejaculate sperm exhibited higher motility compared to antegrade EEJ specimens. However, a higher total semen volume was obtained using EEJ, yielding similar numbers of motile sperm between the two techniques ([@r37]). The causes that have been proposed for the relatively more impaired motility rates with EEJ include electroporation injury and chronic denervation ([@r30]).

Comparison of semen derived by antegrade versus retrograde ejaculation utilizing PVS suggest no significant difference in sperm count, mean sperm motility, sperm progressive motility, and percent normal sperm morphology ([@r57],[@r58]). Conversely, in men utilizing EEJ, retrograde ejaculates were found to have significantly impaired sperm motility and viability ([@r59]).

Factors associated with compromised semen parameters
====================================================

There are multiple postulated etiologies for compromised semen parameters in men with SCI, which can be broadly classified into issues related to storage, acquisition, infection, and innate biochemical characteristics ([*Table 2*](#t2){ref-type="table"}).

###### Summary of impacts of SCI on semen quality

  Better prognosis               Worse prognosis
  ------------------------------ ----------------------------------
  Unassisted ejaculation         Spinal shock
  Penile vibratory stimulation   Post-injury \>2 weeks
  Repeat weekly PVS              Electroejaculation
  Bladder catheterization        Aberrant sperm storage
                                 High pressure voiding
                                 Urinary tract infection
                                 Antisperm antibodies
                                 Elevated cytokines
                                 Elevated reactive oxygen species
                                 Elevated DNA fragmentation index

SCI, spinal cord injury; PVS, penile vibratory stimulation.

Storage
-------

Aberrant storage of sperm within the inhospitable environment of the seminal vesicles has been implicated in poor semen quality. Elevated concentrations of senescent sperm with poor motility and viability that are found in the seminal vesicles of SCI men were also found to comprise a substantial portion of ejaculates obtained by PVS and EEJ ([@r60]). Sperm stagnation in the seminal ducts because of anejaculation has also been suggested as a cause of compromised semen quality, leading to several studies investigating the role of repeat ejaculation on semen quality. A comparison of baseline semen characteristics with those after repeat weekly PVS for 3 months, were found to have higher sperm concentration, progressive motility, and a decrease in abnormal sperm morphology ([@r61]). Another study for SCI patients with antegrade ejaculation assigned to 4--6 months of once weekly PVS, demonstrated improved penetration capacity, as well as increased semen volume and fructose content in the seminal plasma, the latter suggesting improved function of the seminal vesicles and prostate ([@r62]). Conversely, repeated EEJ failed to demonstrate improvement in the volume, sperm concentration, motility or the total motile count in the successive antegrade and retrograde samples ([@r63]). Testicular hyperthermia is another factor which may contribute to poor semen quality, however data on this topic are conflicting ([@r64],[@r65]).

Timing of semen acquisition
---------------------------

During spinal shock, few to no spermatozoa are observed using EEJ. Following resolution of spinal shock, sperm motility and viability improve temporarily and then rapidly deteriorate starting about 2 weeks following injury, reaching the levels observed in males with chronic SCI at day 16 post-injury ([@r44]). In the chronically spinal cord-injured individual with an injury older than 1 year, there is no evidence of progressive decline in sperm quality ([@r44],[@r66]). The age at which injury is sustained also appears to impact semen quality. For example, it has been observed that SCI sustained before the age of 9 years appears to interfere with spermatogenesis, while those who were injured closer to the onset of puberty exhibited semen quality in adulthood similar to that of subjects who were injured as adults ([@r67]).

Infection
---------

In SCI, the incidence of signs of infection in the urine and semen (41% and 56%, respectively) is elevated compared to patients with normal bladder function (0% and 11%). Urinary tract infection has been found to be associated with slightly lower sperm quality and lower pregnancy rates, while leukocytospermia itself has not been demonstrated to have adverse effects ([@r68],[@r69]). However, elevated levels of cytokines in the seminal plasma of men with SCI have been associated with impaired sperm motility, suggesting that while leukocytospermia itself may not be harmful, the high numbers of activated T lymphocytes producing cytokines can indicate a poor prognosis ([@r70]). There is also some evidence that cytokine neutralization leads to improved motility ([@r71]).

Biochemical factors
-------------------

Inhibitory factors within seminal plasma of men with SCI may play a role in impaired sperm motility. This theory has been supported by an elegant experiment in which the seminal plasma from ejaculates of SCI men was shown to inhibit motility of sperm from normal men, while seminal plasma from normal men improved motility of sperm from SCI men ([@r72]). Additionally, incubation of normal sperm with SCI seminal plasma induced a concentration-dependent decrease in sperm motility (43%) with a concurrent drop in intracellular ATP content (33%) ([@r51]). Further evidence that seminal fluid in SCI men contributes to their poor semen profile is provided by the observation of lower sperm viability and motility rates of ejaculated spermatozoa compared to those derived by aspiration of the vas deferens. Notably, controls exhibited no significant difference in sperm motility and viability between ejaculated and aspirated sperm ([@r73]). The presence of reactive oxygen species (ROS) in the semen of men with SCI have been inversely correlated with sperm motility, but not morphology ([@r74],[@r75]). One of the outcomes of accessory gland dysfunction is a lower semen fructose concentration, and can be attributed to EEJ or neurological injury of accessory glands ([@r76]). Antisperm antibodies, which have a disproportionately high prevalence in SCI men, may also contribute to asthenospermia ([@r77]).

Modifiable factors for improvement in semen quality
===================================================

The method of emptying a neurogenic bladder in SCI may affect sperm quality, as evidenced by the lower sperm quality in men with high pressure reflex voiding compared to men who utilize intermittent self-catheterization (ISC) ([@r20],[@r68],[@r78]). ISC, indwelling urethral or suprapubic catheters have all been found to have a significantly enhanced semen quality compared to those voiding by reflex or straining. Within the catheter group, ISC patients achieved a higher percentage of motile sperm ([@r78]). Similar findings were observed in another study, in which ISC was associated with better sperm quality and a higher pregnancy rate (44%) compared to patients using alternative bladder management (7%) ([@r68]).

Antibiotics have been observed to improve sperm counts slightly, without impact on incidence of urine or semen infection. Continuous prophylaxis was associated with microbial resistance and had no advantage compared to a short course of antibiotics ([@r68]).

The utilization of bladder chemodenervation with botulinum toxin demonstrated mixed effects. A beneficial feature was a reduction in UTI's, which was postulated to in turn result in lower semen contamination, possibly improving spermatogenesis and semen quality. One detrimental effect was the high resultant rate of retrograde ejaculation and therefore reduced semen volume, attributed to the reduced tone of the bladder neck and smooth muscles of sexual accessory organs ([@r79]).

The observation of increased ROS and sperm damage in semen samples obtained from men with SCI via EEJ raises the question of whether antioxidants could have a role improving sperm quality. While data on this topic is limited, two studies have demonstrated that the addition of pentoxifylline to fresh or thawed sperm retrieved by EEJ enhances sperm motility ([@r80],[@r81]).

Pregnancy rates following ejaculatory assistance
================================================

What are the overall chances of attaining pregnancy in SCI, regardless of ejaculatory assistance or fertilization technique? DeForge *et al.*, pooled fertility data among couples attempting to bear a child from 1993--2003, demonstrating a 51% pregnancy rate and an estimated live birth rate of 40% ([@r37]). Another meta-analysis of nine studies utilizing PVS or EEJ combined with ART such as IUI or in-vitro fertilization with or without ICSI demonstrated a 39--64% pregnancy rate per cycle ([@r34]) ([*Table 3*](#t3){ref-type="table"}). Another study demonstrated a pregnancy rate per cycle of 18% and a cumulative pregnancy rate per couple of 55% ([@r3]). Among couples utilizing only EEJ, about 1/3 of couples are successful in achieving pregnancy that resulted in a live birth ([@r48],[@r82]).

###### Pregnancy rates in SCI utilizing specific fertilization techniques

  Author                         Couples (n)   Method                Pregnancy rate per cycle (%)   Live birth rate per cycle (%)
  ------------------------------ ------------- --------------------- ------------------------------ -------------------------------
  McGuire *et al.*, 2011         31            EEJ/ICSI              36                             36
  Leduc, 2012                    18            IVF                   43                             n/a
  Löchner-Ernst *et al.*, 1997   109           PVS/EEJ/TESA          n/a                            73
  Nehra *et al.*, 1996           78            PVS/EEJ/IVI/IUI/ART   63                             n/a
  J Sønksen *et al.*, 1997       28            PVS/EEJ/IVI/IUI/ART   32                             90
  Taylor *et al.*, 1999          19            PVS/IUI               12                             n/a
  Kolettis *et al.*, 2002        27            EEJ/IVF ± ICSI        40                             40
  Kathiresan *et al.*, 2011      31            PVS/EEJ/IVF/ICSI      43                             40

SCI, spinal cord injury; EEJ, electroejaculation; ICSI, intracytoplasmic sperm injection; IVF, in vitro fertilization; PVS, penile vibratory stimulation; TESA, testicular sperm aspiration; IVI, intravaginal insemination; IUI, intrauterine insemination; ART, assisted reproductive technology.

IVI at home is a useful technique for those men with SCI who have been previously evaluated in clinic to be responsive to PVS, demonstrated understanding of safe usage, have adequate TMSCs, and whose partner has predictable normal ovulatory cycles without uterine or tubal abnormalities. In these circumstances, PVS can be used to collect ejaculate into a container, whose contents are then aspirated into a syringe that is used to deposit semen at the cervix. Overall, the rate of success of achieving pregnancy with this method is 25--70% per couple ([@r3],[@r28],[@r83]-[@r86]).

For couples who fail IVI and yet have adequate semen parameters, IUI may be utilized. In a study of couples with sperm retrieved by EEJ, IUI demonstrated 30% pregnancy rate per cycle, compared to a 5% rate with IVI ([@r3]). In other studies, timed IUI yielded a pregnancy rates per treatment cycle of 12% ([@r87]) and a pregnancy rate of 28% per couple ([@r88]). As with non-SCI couples who are being treated for infertility, pregnancy rates can be improved with administration of clomiphene citrate and hCG injection 38--40 hours prior to insemination ([@r89]).

There is no established threshold for TMSC below which IUI cannot be performed, but the literature suggests that it is 5 to 10×10^6^ per mL ([@r90]). For example, in a study by Dickey *et al.*, the pregnancy rate was 2.3% per cycle if the TMSC was less than 5×10^6^ and 8.3% if the TMSC was 5 to 10×10^6^ per mL ([@r91]). Based on these findings, it has been suggested that if the initial EEJ specimen has a TMSC of less than 5×10^6^ per mL, it is recommended to proceed directly to in vitro fertilization (IVF). In those who fail IUI, IVF has demonstrated a pregnancy rate of about 70% per couple ([@r88]) and 37% per cycle ([@r92]). Cost analysis data suggests that unless a man requires EEJ with anesthesia, it is preferred to start with EEJ and IUI. Conversely, if anesthesia is required for EEJ, it is cost-effective to use testicular sperm aspiration (TESA) under local anesthesia and IVF as first line ([@r92]). In studies of IVF combined with ICSI followed by uterine embryo transfer, pregnancy rates per treatment cycle ranges are 20--82% per cycle and 39--100% per couple ([@r15],[@r78],[@r84],[@r85],[@r87],[@r88]).

Surgical approaches for assisted fertility
==========================================

Surgical methods of sperm retrieval are available for SCI patients in whom ejaculation cannot be attained by PVS or EEJ. Among men with SCI seeking fertility, about 1 out of 10 require surgical extraction ([@r85]). A variety of surgical sperm retrieval techniques are available, including TESA, testicular sperm extraction (TESE), microsurgical epididymal sperm aspiration (MESA), and percutaneous epididymal sperm aspiration (PESA) ([@r15]).

In a group of men with SCI with severe oligospermia or poor sperm quality after EEJ and obstructive azoospermia, TESA or open TESE resulted in sperm being found on almost 90% of procedures ([@r93]). High rates of success with sperm retrieval via TESE from men with SCI are observed regardless of semen analysis, hormone concentrations, level of lesion, patient age, or time since injury ([@r94]). In men with SCI and azoospermia on semen analysis after EEJ, TESE or sperm retrieval from the epididymis or vas deferens with ICSI have a relatively high likelihood of success, with a clinical pregnancy rate of 30% per cycle and 59% per couple, and a live birth rate of 63% ([@r93]).

Testicular biopsy specimens from men with SCI have shown a unique profile of alterations of the germinal epithelium, a finding that has been named the "neurogenic testicle." Rather than maturation arrest, the primary pathogenesis in otherwise healthy infertile men, the biopsy tissue demonstrates decreased spermatogenesis with an elevated Sertoli cell-to-spermatid ratio per seminiferous tubule ([@r94]-[@r96]).

Hormonal abnormalities
======================

In women who have experienced SCI, stress induced prolactin secretion may lead to a temporary amenorrhea. This has been observed in about a quarter of women with SCI of childbearing age, with higher levels of prolactin correlating to a higher likelihood of developing temporary amenorrhea, which usually lasts 5--6 months ([@r97],[@r98]). Following resolution of amenorrhea, the physiologic capacity for conception is believed to return to baseline. However, not surprisingly, women who have experienced SCI have a much lower pregnancy rate of 0.34 per person compared to the pregnancy rate of 1.3 per person prior to injury. Those women who had higher and more complete neurological injuries were the least likely to become pregnant compared with those with lower degrees of neurologic impairment ([@r98]).

In men, hormonal abnormalities observed include hyperprolactinemia, elevated follicle-stimulating hormone (FSH) and elevated serum luteinizing hormone (LH). Serum testosterone levels have been observed to be both elevated and decreased. Interestingly, in some instances, low serum testosterone was found in the absence of elevated gonadotropins, while elevated FSH and/or LH were associated with normal or high serum testosterone. Their findings suggest that hypogonadism in SCI likely does not result from classic primary gonadal failure and that disruptions in feedback in the hypothalamus-pituitary-testicular axis is involved ([@r99]). While there has generally been no clear correlation observed between hormone profiles and testis biopsy results in SCI, one study did, however, find abnormal FSH levels to correlate with azoospermia ([@r100]).

Myelodysplasia and fertility
============================

While the level of the neurologic lesion in patients with myelodysplasia does not strictly predict erectile and ejaculatory function, the best performance is observed in those with low sacral lesions and intact reflexes. Severe sexual dysfunction affects 90% of women and 59% of men with myelodysplasia ([@r101]). Men with lesions higher than T10 were noted to be at an elevated risk of azoospermia ([@r102]). There is also an increased risk of neural tube defects in offspring of men with spina bifida ([@r102]).

Multiple sclerosis (MS)
=======================

Although research is sparse, several sexual and endocrine disturbances have been described in MS patients of both genders, leading to lower fertility rates. Sexual dysfunction affects the majority of men with MS and includes ED in 73%, orgasmic or ejaculatory dysfunction in 50%, and reduced libido in 40% ([@r103]). ED can be managed with PDE-5I or intracavernous injections ([@r104]) and ejaculatory dysfunction can be treated with PVS.

Disturbances in the hypothalamic-pituitary gonadal axis affect both female and male MS patients. In women, this may induce menstrual disturbances and subsequent infertility secondary to elevated prolactin, LH, FSH, total and free testosterone ([@r105]). In men, serum levels for LH, FSH and testosterone are significantly lower compared to controls, and are refractory to GnRH analogue injections ([@r106]).

Compromised semen parameters including a lower total sperm count, motility and percent normal morphology have been observed in MS patients compared to controls ([@r106]). While endocrine abnormalities may be culprit, medical treatments especially immunosuppressive therapies (e.g., mitoxantrone, cyclophosphamide) may adversely affect spermatozoa and oocytes ([@r104]). As a means of managing this problem, sperm/oocyte cryostorage or ovarian fragment cryopreservation and autografting have been proposed ([@r107]).

Fertility does not seem to be impaired to a large extent in women with MS, however women who choose to undergo ART have been found to have an elevated risk of MS relapse. The proposed mechanisms for this finding include an interruption of disease modifying medications, stress of undergoing fertility therapy, and a hormonally-induced upregulation in pro-inflammatory markers ([@r108]).

Epilepsy
========

Fertility rates have been found to be reduced in epilepsy patients compared to the general population ([@r109]). Part of the mechanism of disturbances in reproductive function is attributed to the disrupted hypothalamic and pituitary function due to electrical discharges, resulting in disrupted release of GnRH, with abnormal LH and testosterone production ([@r110]). Antiepileptic drugs (AEDs) add to the adverse neuroendocrine effects on fertility through multiple mechanisms, including: (I) lowering bioavailable testosterone due elevations in sex hormone binding globulin (SHBG) ([@r111]); (II) direct spermatotoxicity resulting in a higher frequency of morphologically abnormal sperm, reduced sperm counts and decreased sperm motility ([@r112]); and (III) adverse effects on gonadal development, with a lower testicular volumes in men ([@r113]) and an increased incidence of polycystic ovary syndrome (PCOS) in women ([@r114]). There is evidence, however, that these effects are reversible with the discontinuation of the medications, even after long-term use ([@r115]).

Diabetes
========

Prevalence of subfertility in diabetic men has been cited to be as high as 52%, and is attributed to a combination of vascular disease, endocrine dysfunction, and autonomic neuropathy ([@r116]). The prevalence of ED in the diabetic population is 35--73%, and depends on severity and duration of disease ([@r117]-[@r119]). Ejaculatory dysfunction affects 40% of diabetic men, with an observed step-wise deterioration that starts with delayed ejaculation, progressing to retrograde ejaculation, and ultimately anejaculation ([@r120]).

Semen characteristics of diabetic men have included decreased semen volume ([@r121]-[@r123]), decreased sperm motility and morphology ([@r122],[@r123]), as well as increased DNA fragmentation ([@r121]). Proposed etiologies have included hormonal disturbances through disruption of the hypothalamus-pituitary-testis axis leading to reduced testosterone production and chronic oxidative stress disrupting sperm maturation. Decreased ejaculate volume may be attributed to partial retrograde ejaculation and decreased seminal fluid excretion due to impaired neurological stimulation of the accessory male sexual glands ([@r124]).

Conclusions
===========

Infertility in patients with neurologic disorders is a complex entity, resulting from a combination of hormonal, immunologic, sexual, and ejaculatory disturbances. As such, attaining fertility in neurologic disorders can require a multimodal and stepwise approach. Its involved logistics and potential psychological toll on the patients and their partners require an excellent physician-to-patient relationship. The associated high failure rates require a strong commitment from both the patient and the practitioner.

None.

*Conflicts of Interest*: JM Hotaling: StreamDx, Andro360, Nanonc (equity in early stage startup companies). The other author has no conflicts of interest to declare.

[^1]: *Contributions:* (I) Conception and design: All authors; (II) Administrative support: JM Hotaling; (III) Provision of study materials or patients: None; (IV) Collection and assembly of data: V Trofimenko; (V) Data analysis and interpretation: All authors; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.
